Water solution of volatile organic compounds (VOCs) in air, especially explosive materials, is required to detect VOCs by biosensors efficiently. We developed a collecting device like olfactory mechanism of animals: thin film of water including odorant binding proteins (OBPs), which play a major role in transport of hydrophobic odor molecules to olfactory receptors. Thin liquid film was generated using rimming flow on the inner surface of a rotating glass cylinder. Two kinds of OBPs derived from Bombyx mori (Pheromone Binding Protein 1: PBP1, General Odorant Binding Protein 2: GOBP2) were used as additive in pure water. Eugenol was used to simulate an explosive substance for collection. The sample gas including dilute eugenol was collected by the rimming flow device. The concentration of eugenol in solution was measured by gas chromatography. The experimental results showed that the efficiency for the collection of eugenol increased with the revolution rate of the cylinder. Increase in the efficiency was mainly attributed to the spread of the liquid in the cylinder. Furthermore, as the revolution rate was increased, the mole fraction of eugenol near the inside wall was higher than at the axis of rotation by centrifugal force. This might enhance the dissolution of eugenol in water. The collection efficiency further increased by the adding of both proteins and PBP1 exhibited higher affinity for eugenol.
Introduction
Real-time monitoring of odorants, especially small amounts of volatile organic compounds (VOCs), has attracted attention in fields such as counter-terrorism and disease detection by breath diagnosis (Polikar, et al., 2001; Tran, et al., 2010) .
Various chemical sensors for the detection of odorants have been reported, which are based on metal-oxide semiconductors (Zhang, et al., 2014) , quartz crystal microbalances (Herrmann, et al., 2002) and ultraviolet absorption spectroscopy (Camou, et al., 2012) . However, the continued active use of dogs in the detection of illegal drugs and explosives indicates that the sensitivity and selectivity of these chemical sensors are not sufficient and come short of biological olfaction (Misawa, et al., 2010) .
To improve the sophistication of odorant sensing technology, highly sensitive biosensors that utilize natural living systems have been developed. Examples of such biosensors include yeast cells that excrete fluorescent substances reacting with odorants (Fukutani, et al., 2012) (Misawa, et al., 2010) . However, the biological materials used for biosensors must be held in solution for functionality to be maintained (Sato and Takeuchi, 2014) . Therefore, a process for the collection of odorant gas in water is necessary for the practical use of such biosensors.
Collection tubes with adsorbents such as silica are commonly used for collection and condensation of VOCs in the air. However, this method is not adequate for real-time monitoring, because the desorption process requires heating or the use of an organic solvent (Tani, 2003) . A desorption technique that uses microwaves for on-site sampling has been proposed; however, this method takes more than 20 min to achieve desorption (Robers, et al., 2005) .
Bubbling is another common approach for dilute gas collection. However, conventional apparatus such as impinger do not have sufficient efficiency for the collection of dilute VOCs (Kida, et al., 2013) . Therefore, to realize real-time monitoring of VOCs, it is necessary to establish a more efficient method to obtain a solution of detectable concentration for the biosensor in a short time.
In this study, we have developed a collection method similar to the human nostril by the use of liquid film inside a rotating horizontal cylinder, which is referred to as rimming flow.
Rimming flow was used to enlarge gas-liquid contact area per unit water volume. In the field of rotational molding and roller-coating, experimental study (Chicharro, et al., 2011) and theoretical analysis (Benilov and O'Brien, 2005) regarding the state of a film in rimming flow have been reported. However, to the best of our knowledge, there have been no other studies on the collection method of gas in water by rimming flow.
Furthermore, to enhance the collection efficiency, we have considered the insect olfactory mechanism, which is regarded to be as several ten thousand times more sensitive than that of humans. In insects, odorant-binding proteins (OBPs) ferry hydrophobic odorant molecules across antennal sensillum lymph to olfactory receptors (He, et al., 2010) . Thus, OBPs are expected to assist the collection of VOCs in water by this function.
In this paper, we investigate the collection characteristics of VOC in water using rimming flow. Experiments were conducted using a rotating cylinder filled with pure water and sample gas containing VOC. Based on the results, two different OBPs were added to pure water, and the collection efficiency with or without these OBPs was investigated.
Experimental

Sample gas generator and collection device
In this study, eugenol was used to simulate 2,4-dinitorotoluene (2,4-DNT), which is an explosive substance. Table  1 shows physical properties of eugenol. Eugenol is more easily handled because it is non-toxic, and both eugenol and 2,4-DNT are poorly water-soluble with similar molecular weights. In addition, the collection efficiency for both substances in water using a mist-cyclone system has been reported to be almost the same (Matsubara, et al., 2011) . Figure 1 shows a schematic diagram of the sample gas generator. The device consists of a mass flow controller (Horiba, SEC-E40), a tube holder in which a diffusion tube (D-tube; Gastec, D-03) is installed, and a thermostatic bath. Silicone oil (Shin-Etsu chemical, 200cSt ) was filled into the tube holder as a heating medium to maintain the temperature of the D-tube.
A 10 mm inner diameter and 100 mm long silica-glass cylinder with a flat bottom was used as the reactor. The sample gas was supplied into the reactor cylinder via the following procedure. Firstly, the cylinder was capped with a silicon stopper that has two vents. The sample gas was fed into the cylinder filled with water (solvent) through a Teflon tube. The feeding was stopped when the volume of feeding gas reached the volume of the glass cylinder. The cylinder was then sealed with a silicon plug. Figure 2 shows a schematic of the experimental apparatus used to generate the rimming flow. A stepping motor (Oriental Motor, AZ46AAD-1) was used to rotate the cylinder. To avoid the influence of heat from the motor, a 10 mm diameter and 100 mm long stainless steel shaft was interposed between the motor and the cylinder. Beam couplings (NBK, were used to connect the shaft with the motor and the cylinder. In addition, the end of the cylinder and the center of the stainless shaft were supported by bearings (NSK, 600-H-20T1XZZ) to prevent vibration during high-speed rotation. The bearings were fixed in magnet stand (Sigmakoki, MB-PH). The apparatus was installed on a vibration isolation table (Newport, SMART TABLE UT2).
The concentration of eugenol in the water and the collection efficiency were initially investigated with a fixed water volume of 1 or 2 mL and a fixed rotation rate of between 1000 and 4000 rpm. The cylinder filled with pure water and 1 ppm sample gas was rotated for 30 min.
The concentration-time evolution of the solvent was then examined with a fixed water volume and rotation rate, under which the highest concentration was obtained. Finally, two different OBPs were added to the pure water solvent in an attempt to enhance the collection efficiency. The concentration-time evolution was thus investigated for each OBP.
The concentration of eugenol in the solution was measured using gas chromatography (Shimadzu, GC-2010 plus). The solution was collected and the eugenol in the solution was then extracted into hexane and the supernatant was analyzed. Table 1 Physical properities of eugenol at 25℃ Fig. 1 Schematic diagram of sample gas generator. The sample gas contains a specific amount of eugenol in nitrogen, which is confirmed by our previous research (Kida et al., 2013) . 
OBPs
Recently, 44 types of OBPs derived from Bombyx mori have been identified (Gong, et al., 2009 ). Pheromone binding protein 1 (PBP1) and general odorant binding protein 2 (GOBP2) were used in the present study. These proteins are present at an extremely high level in antennae compared to others (Zhou, et al., 2009) .
These OBPs were produced as recombinant proteins in Escherichia coli (E. coli) according to a protocol reported by Fukutani et al. (2014) . The plasmid vector for expression of these proteins was pGEX4T-3 (GE Healthcare). E. coli strain BL21 cells transformed with pGEX-PBP1 or pGEX-GOBP2 were cultured in lysogeny broth (LB) medium containing ampicillin. Protein synthesis was induced at an optical density (OD 600 ) of 0.5-0.8 with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). The cells were suspended in 2 mL of distilled water and disrupted by sonication. After centrifugation, the resultant pellet was washed in 10 mL of distilled water containing 1% Triton X100. 5 mL of solubilizing solution (8 M urea, 10 mM dithiothreitol and 50 mM Tris base, pH 8.5) was added to the pellet and the mixture was shaken at 28 °C for 1 h. After one more round of centrifuging, the supernatant was dialyzed against phosphate-buffered saline at 4 °C for 16 h. Finally, the protein solution was passed through a 0.22 μm pore size filter.
Results and discussion
Effect of revolution rate and water volume on collection efficiency
In this section, we discuss the collection characteristics of eugenol by rimming flow of pure water. Fig. 3 shows the concentration of eugenol in the water and the collection efficiency for various revolution rates. The collection efficiency represents the ratio of the mass of eugenol collected from the water to that in the sample gas supplied into the cylinder.
Figure 3(a) shows that the concentration of eugenol in the water increases with the revolution rate. The 1 and 2 mL water volumes gave almost the same concentration at 0 rpm. At 1000 and 1500 rpm, the concentration of the 1 mL water volume was 1.8 times larger than that of the 2 mL water volume. However, as the revolution rate was increased to 2000 and 2500 rpm, the concentration of the 1 mL water volume was 1.2 and 1.4 times that of the 2 mL water volume, respectively. The concentration of the 1 mL water volume was then 1.8 times that of the 2 mL water volume at both 3000 and 4000 rpm. Note that the saturating concentration of eugenol in water at 25℃ is 0.18%（1.8×10 6 ppb） and the solution obtained in this experiment is far below this value. Even if all amount of eugenol in the gas phase is dissolved in the liquid phase, the solution dose not reach the saturating concentration in this study. Figure 3 (b) shows that the collection efficiency increases with the revolution rate. The collection efficiency was significantly increased compared to that for bubbling (ca. 0.5%) reported by Kida et al. (2013) . Moreover, there was no significant difference in the collection efficiencies obtained from the different water volumes at 0, 1000 and 1500 rpm. 
However, the collection efficiency of the 2 mL water volume was 1.5 times higher than the 1 mL water volume at 2000 and 2500 rpm, although these became almost the same at 3000 and 4000 rpm.
The liquid in the cylinder during rotation was observed to determine the reason why the rotation rate affects the concentration and collection efficiency. Figure 4 shows photographs of the liquid at 10 s after the start of rotation at several revolution rates. The liquid expanded and the coverage area increased with the revolution rate, which suggests that gas-liquid contact area also increased with the revolution rate. When the liquid volume was 1 mL, the liquid was expanded gradually as the revolution rate was increased, and the liquid covered the entire inside of the cylinder at over 3000 rpm. On the other hand, when the liquid volume was 2 mL, the liquid covered the entire inside of the cylinder at 2000 rpm. Figure 5 shows the area covered by the liquid inside the cylinder for each revolution rate and water volume. The area was calculated from the red colored area of the side view of the cylinder.
As shown in Fig. 5 , coverage area in the cylinder containing 2 ml water was 2.1 times larger than that with 1 ml at 2000 rpm. It was 1.5 times larger at the revolution speed of 2500 rpm.
The expansion of a liquid is correlated with the Weber number (We), which is the ratio of inertia force to surface tension, because inertia force and surface tension are dominant parameters that characterize rimming flow (Benilov and O'Brien, 2005 ). Fig. 6 shows We for each revolution rate. We is defined as:
where the density of the liquid is denoted by ρ L (= 997 kg/m 3 for pure water at 25 °C), h ave is the average liquid film thickness, R c ω is the circumferential velocity for the cylinder (R c : inner radius of the cylinder, ω: angular velocity), and σ is the surface tension (= 72.0×10 -3 N/m for pure water at 25 °C). h ave is thus represented as:
where L is the length of the horizontal axis covered by liquid, as shown in the right side panels of Fig. 4 , and V L is the liquid volume. 3000 rpm L Figure 6 shows that We increases with the revolution rate rise for a water volume of 1 mL. In this case, We is approximately 6 at 3000 rpm when the liquid covers the entire inside of the cylinder. From this result, it is thus expected that the liquid will cover the entire inside of the cylinder in this experiment system when We is over 6. For a water volume of 2 mL, We increases until 1500 rpm and then decrease at 2000 rpm, due to rapid expansion of the liquid and reduction of the film thickness because We may be over 6 between 1500 and 2000rpm.
Note that, in case of 2 mL of water, the collection efficiency increases when the revolution rate increases over 2000 rpm, although the coverage area is constant at every revolution rate. Therefore, we focused on the concentration distribution of the sample gas in the cylinder.
In the centrifugal field of a cylinder rotating with angular velocity ω, the concentration distribution of a two components gas mixture is represented as (Auvil and Wilkinson, 1976) :
where R is the universal gas constant (=8.314 J/(mol K)), T is the temperature, M 1 and M 2 (M 1 >M 2 ) are the molecular We [-] Revolution Rate [rpm] 2 mL 1 mL weights of the two gases, and N is the mole fraction of the gas with molecular weight M 1 . The separation factor α, represents the ratio of molecules of M 1 at a certain position r (radius of cylinder) to that at the axis of rotation. Figure 7 shows the relationship between α and r, where M 1 = 164 (eugenol), M 2 = 28 (nitrogen) and T = 298 K. α increases with the revolution rate and the mole fraction of eugenol close to the cylinder wall is larger than that at the rotation axis. The mole fraction of eugenol on the wall (r=5 mm) at 4000 rpm is 4 times higher than that at 2000 rpm. Similarly, the collection efficiency at 4000 rpm is 1.5 times higher than that at 2000 rpm, as shown in Fig. 3(b) . We consider that the dissolution of eugenol is enhanced because the gas solubility into liquid increases as the mole fraction increases, according to Henry's law.
Therefore, an increase of the gas-contact area and the mole fraction of eugenol near the liquid contribute to an increase of the eugenol concentration in water, so that the collection efficiency increases with the revolution rate.
Concentration-time evolution
In this section, we discuss the relationship between the concentration of eugenol in water and the revolution time. First, we assess relative significance of the resistance to mass transfer between in gas phase and in liquid phase. K L and K G are overall mass transfer coefficient based on the liquid phase and gas phase respectively. The overall mass transfer resistance is represented as: (Seader and Henley, 1998) 
where H is dimensionless Henry's constant, k L and k G are mass transfer coefficient in liquid and gas phase. 1/k L and 1/ k G represent the mass transfer resistance in each phase.
A model of the mass transfer coefficient when a steady concentration distribution is formed near a gas-liquid interface has been reported from film theory (Seader and Henley, 1998) . In this model, the mass transfer coefficient k L and k G are the ratio of the diffusion coefficient to the thickness of concentration boundary layer δ in the air and liquid
The thickness of concentration boundary layer in gas phase should be equal to the diameter of the tube, thus we set
1/2 based on evolution of concentration boundary layer. Using the diffusion coefficients listed in table 1, the thickness δ L =5×10 -5 m. Therefore, the ratio of the mass transfer resistance in each phase of the overall mass transfer resistance is as follows.
From the above, the overall mass transfer is governed by the liquid phase in this study. Figure 8 shows the concentration-time evolution. The concentration increases significantly for 1 minute at the beginning. However, the eugenol concentration was 0.7 ppb, which is not sufficient for detection with recent VOC biosensors (10 ppb, Horikawa et al., 2006) . Except for the early stage, the concentration of eugenol increased with the revolution time.
The concentration boundary layer is thin in the early stage, and thus the mass transfer resistance of eugenol is small. Therefore, the mass flux is large and the concentration increases significantly in this stage. Then, in a steady state that formation of the concentration boundary layer is completed, the mass transfer resistance increases and the mass flux become lower.
When the mass transfer resistance in liquid phase is dominant, one-dimensional diffusion equation is represented as follow (Seader and Henley, 1998) .
where C A is the diffusion component concentration, t is time and x is distance.
We also show the calculation value in Fig. 8 obtained by Eq. (7), where the interfacial concentration is fixed, while the no-mass flux condition is imposed at the bottom. Figure 8 shows that observed increase of concentration agrees qualitatively with the curve predicted by the one-dimensional diffusion theory. The difference between them may attribute to uncertainty of experiment and estimated physical properties (e.g. D L has relative error of about 6% (Sato, 1975) ).
Effect of OBP addition to pure water
In an attempt to improve the collection efficiency, two different OBPs (PBP1 or OBP2) were added to the pure water. Figure 9 shows concentration-time evolution of eugenol in each solution. The results at 0 min were obtained by collection and analysis of each solution immediately after the sample gas was inserted into the enclosed cylinder. The concentration of eugenol was increased at each revolution time by the addition of GOBP2 or PBP1. When the revolution time was 1 min, the concentration of eugenol was respectively 4.3 and 6.4 times larger by the addition of GOBP2 and PBP1 than that without OBP addition. The solubility would substantially increase at the liquid surface because of the function of OBPs, which ferry hydrophobic odorant molecules into liquid phase. The results show that OBPs are effective additives to obtain high concentration VOC solutions.
However, except for early stage, the increment in concentration became low. We consider that concentration of OBPs at the interface decrease due to centrifugal force. A higher concentration of eugenol was obtained by the addition of PBP1 than by GOBP2 addition throughout the rotation time, which suggests that PBP1 has higher affinity for eugenol than GOBP2.
This could be explained by the following three hypotheses: (1) The binding cavities of GOBP2 and PBP1 are 616.5 and 888.8 Å 3 , respectively (He, et al., 2010) . Thus, eugenol can bind more easily to PBP1 than to GOBP2. (2) Two opposite routes were identified as ligand entrance/exit pathways for PBP1 by molecular dynamics simulations (Gräter, et al., 2006) , although such pathways have not been identified for GOBP2. Therefore, the possibility to incorporate eugenol in the cavity of PBP1 would be higher than that of GOBP2. (3) Crystal structure analysis of PBP1 bound to a bell pepper odorant (2-isobutyl-3-methoxypyrazine) indicated that PBP1 can accommodate more than one odorant molecule in the binding pocket (Lautenschlager, et al., 2007) . Fig. 10 shows the chemical structures of eugenol and the bell pepper odorant. These molecules are structurally similar in that they are monocyclic compounds with a methoxy moiety. Thus, more than one molecule of eugenol could be accommodated in the PBP1 binding cavity. Therefore, PBP1 could accommodate more eugenol molecules than GOBP2. Note that the PBP family including PBP1 and GOBP2 exhibit high affinity for different binding partners (Du and Prestwich, 1995) . Therefore, GOBP2 could become a more useful additive than PBP1, depending on the compounds to be detected. In the future, high-sensitivity measurement systems could be realized by utilizing appropriate OBPs for the target VOC.
Conclusions
For the practical use of odorant detection by biosensors, a new collection method of VOCs in water was developed that mimics a nostril. Firstly, the collection characteristics of VOC in water by rimming flow were examined. The change of the VOC concentration in water was then investigated by the addition of two types of OBPs derived from Bombyx mori. The results are summarized as follows: 1. The concentration of eugenol in water and the collection efficiency increases with the revolution rate for rimming flow. The collection efficiency was more than 10 times higher than that by bubbling (Kida et al., 2013) . 2. Analysis of the liquid state and the concentration distribution of the sample gas in a rotating cylinder indicated that an increase of the gas-liquid contact area and molar fraction of eugenol near the liquid contributed to an increase of the eugenol concentration in water and the collection efficiency as the revolution rate increased. 3. The concentration of eugenol in water was increased by the addition of two different OBPs (PBP1 or GOBP2) over that without OBP addition to the pure water solvent. Although both proteins were bound to eugenol, PBP1 exhibited higher affinity for eugenol. Thus, a high-sensitivity measurement system could be realized by utilizing appropriate OBPs for the target VOC.
